Nanomaterials are being applied due to their excellent characteristics, such as the high surface area-to-volume ratio, excellent physicochemical properties, and biological compatibility. Chitosan is an amino polysaccharide and a versatile, second-most abundant natural polymer. In this presented work, chitosan was purified from Penaeus vannamei from the Persian Gulf and the homogeneity level was used a combination of three procedures: deproteinization, demineralization, and deacetylation. Chitosan nanoparticles were synthesized by the ionization gelation technique. P. vannamei protease immobilized on the surface of the positively charged chitosan nanoparticles through ionic or electrostatic interaction. The immobilized enzyme exhibited better tolerance to variations in the medium pH and temperature, enhanced pH and temperature stability, improved storage stability, and good reusability compared with the free enzyme. The Michaelis-Menten kinetic constant (K m ), the maximum reaction velocity (V max ), and the catalytic efficiency (k cat ) for native P. vannamei protease were 2.5 µM, 87 µM. min , respectively. The effect of both soluble and immobilized P. vannamei protease on the clarification of orange juice was also analysed.
Introduction
Enzyme is a large biological molecule that regulates chemical reaction in numerous biological processes, including signal transduction, gene expression, immune response, metastasis, metabolism, pharmaceutical and medical fields, food and environmental industry, biofuel area, life science studies as well as biosensors. [1] [2] [3] [4] [5] [6] [7] The interest in biocatalysts for chemical production continues to grow because they generally have high stereo, chemo, and region-selectivity. They also offer an efficient and environmentally friendly catalyst without the need of high pressures, temperatures, and harsh chemical environments. However, even with these advantages, the practical use of enzymes is limited. While enzyme exhibits efficient catalytic activity under mild conditions, that is, at ambient temperatures and aqueous media, the stability and activity are also limited to operation under those conditions. The fragile nature, high cost, and high loadings required for commercial production limit the use of soluble enzyme. [8] [9] [10] Enzyme immobilization is one of the strategies to overcome these problems. In most industrial applications, immobilized enzymes, which feature reusability and improved stability, exhibit greater potential application than their free forms.
The catalytic behaviour of immobilized enzymes strongly depends on the properties of their carriers, such as material types, structures, and compositions. [11] [12] [13] [14] Nanomaterials can serve as excellent supporting materials for enzyme immobilization, because they offer the ideal characteristics for balancing the key factors that determine the efficiency of biocatalysts, including surface area, mass transfer resistance, effective enzyme loading, and the functionality of biocatalysts, showing great potential for applications in bioconversion, biosensors, and biomedical field. [15] [16] [17] In polymer composites conjugated with nanoparticles, a uniform dispersion of nanoparticles leads to a very large matrix/filler interfacial area, which changes the molecular mobility, the relaxation behaviour, and the consequent thermal and mechanical properties of the material. [18] Several natural polymer materials like cellulose, alginate, chitin, collagen, carrageenan, chitosan, starch, sepharose, pectin, and other natural polymer materials are commonly used as support materials. Chitin and chitosan are the second most available biopolymers after cellulose. Chitosan is the N-deacetylated product of chitin, which is a major component of arthropod and crustacean shells such as lobsters, crabs, shrimps, cuttlefishes, and lower plant and animals. [19, 20] As a natural resource, chitosan exhibits unique interesting properties such as biocompatibility, biodegradability, and nontoxicity. For these reasons, chitosan polymer is used in several important applications in the food packaging, agriculture, biomedical and cosmetics domains, wastewater treatment, as chromatographic support, in enzyme immobilization, and as a carrier for controlled drug delivery. [21, 22] In addition, chitosan is economically attractive because chitin is the most abundant natural polymer after cellulose. However, chitosan is macromolecular, which significantly marks its application. To overcome this drawback, the use of chitosan-fabricated nano-chitosan is effective. [23] [24] [25] Chitosan nanoparticles are natural materials with excellent physicochemical, antimicrobial, and biological properties, which make them a superior environmentally friendly material and they possess bioactivity that does not harm humans. Due to these unique properties, chitosan nanoparticles are being used in a vast array of widely different products and applications, ranging from pharmaceutical, tissue engineering and food packaging, biosensing and diagnostics, enzyme immobilization, and waste water treatment. [18] Enzymes bound to solid surfaces are often less active than the corresponding enzymes in aqueous solutions; the decrease in the activity of the bound enzymes is often attributed to the loss of the enzyme structure, resulting from the unfavourable interactions between the enzyme and the surface functions of the solid matrix. Such enzyme-solid interactions also play a major role in the denaturation, stability, refolding, and degradation of the bound enzyme. [26] The sources of the protease enzyme of Penaeus vanamei have been studied for the first time in a previous work, and a novel thermostable protease was purified and characterized. The purified protease showed a single band on native and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with a molecular weight of 24 kDa on SDS-PAGE. The enzyme displayed broad catalytic activity over a variety of conditions, with maximal activity around pH 7 and 80°C. Activation energy for the enzymatic activity was 6.50 kcal mol
To the best of our knowledge, studies of P. vannamei protease immobilized on chitosan nanoparticles have not been reported. In the present work, chitosan nanoparticles were prepared by the ionization gelation methodology. P. vannamei protease was immobilized over chitosan nanoparticle through a non-covalent approach and conditions for the immobilization and characterizations of the immobilization enzyme were specified. Additionally, the pH stability, thermostability, reusability, and kinetic properties of the nano-enzyme were also investigated and the data were compared with those obtained utilizing its soluble form.
Materials and methods

Chemicals
Protease enzyme isolated from P. vannamei has been purified according to a previous procedure. [1] All other chemicals were of reagent grade and purchased from Merck (Darmstadt, Germany).
Specimen collection and extraction of chitosan P. vannamei, caught from the Persian Gulf, was immediately frozen and transported to the enzymology laboratory in the University of Hormozgan, Bandar Abbas, Iran. Their shells and operculum were removed. All these waste were placed in ziploc bags and refrigerated overnight. The weight of the crushed shrimp's exoskeletons wet samples was taken by placing them on foil paper. The samples were dried in an oven at 70°C until achieving constant weight.
A combination of three procedures -deproteinization, demineralization, and deacetylation -will provide chitosan. Around 5 g of shrimp shell waste was treated with 4% NaOH at room temperature for 24 h. The alkali was drained from the shells and washed with distilled water repeatedly until the pH dropped to neutral. This process causes the deproteinization of shells. For demineralization to yield chitin, the deproteinized shells were treated with 4% HCl at room temperature for 12 h. The acid from the chitin as drained off, washed with distilled water, and finally dried at room temperature. The process was repeated with 2% NaOH and 1% HCl. The chitin obtained still has a slight pink hue. Further decolourization can be achieved by soaking chitin in 1% potassium permanganate for 30 min, followed by 1% oxalic acid for 30 min to 2 h. The decolourized chitin can be deacetylated to form chitosan by treating with 65% NaOH for 3 days at room temperature. Alkali should be drained off and washed repeatedly with distilled water until the pH is lowered. Chitosan can be further dried at room temperature and stored.
Preparation of the chitosan nanoparticles
Chitosan nanoparticles were prepared by the ionization gelation technique. [27, 28] In brief, 20 mg chitosan was dissolved in 40 ml of 2.0% (v/v) acetic acid. Around 2 0 ml of 0.75 mg/ml TPP was dropped into a beaker. Chitosan nanoparticles could be stably stored in distilled water. The morphological characterizations of the chitosan nanoparticles were evaluated by a scanning electron microscope.
Enzyme immobilization procedure
Around 10 mg of chitosan nanoparticles was previously incubated with 50 mM phosphate buffer pH 7.5 for 4 h. After filtration, the nanoparticles were added into 5 ml of 50 mM phosphate buffer pH 7 containing a certain amount of P. vannamei protease. The mixture was stirred in a shaker at 20•C for 1 h and was subsequently stood at 4•C for 1 h. The chitosan nanoparticles were collected and the supernatant was removed. The chitosan nanoparticles were washed several times with phosphate buffer (50 m M, pH 7.0) until protein in the washing could not be detected. The immobilized P. vannamei protease was then filtered and stored in phosphate buffer pH 7.0 at 4•C.
Determination of immobilized protein amount
The amount of immobilized enzyme was estimated by subtracting the amount of protein determined in the supernatant after immobilization from the amount of protein used for immobilization. The protein content in solution was determined by the method of Bradford. [29] Enzymatic activity assay and determination of protein concentration Protease activity was determined at room temperature in 50 mM phosphate buffer containing 2 mM EDTA, pH 7, using casein as the substrate. One unit of protease is defined as the amount of enzyme that hydrolyses casein and the liberation of ammonia to produce equivalent absorbance to 1 μmol of tyrosine/min with tyrosine as standard.
The pH profiles and pH stability of free and immobilized P. vannamei protease The effect of pH on the activity of native and modified P. vannamei protease was determined by assaying the enzyme activity at different pH values ranging from 2.0 to 12.0 at room temperature, and the buffer systems of 50 mM sodium acetate for pH 2-6, phosphate for pH 7, Tris-HCl for pH 8-9, and sodium carbonate for pH 10-12. The residual enzymatic activity was determined as described above.
For determination of the pH stability, free and immobilized P. vannamei protease was incubated in buffer solutions at pH 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 at room temperature for 1 h separately. Then, the activity of P. vannamei protease was measured and the relative activity was calculated as a percentage of this highest activity (the highest values represent 100% of the enzyme activity).
Influence of temperature on enzyme activity and stability
The effect of temperature on the activity of immobilized native and modified P. vannamei protease was determined by assaying the enzyme activity in a standard procedure mentioned above. The temperature was varied from 20•C to 90°C at pH 7.5. Thermal stability of the immobilized enzyme was determined by measuring the residual activity after incubating the enzyme for 1 h in a circulating water bath at 30•C, 40•C, 50•C, 60•C, 70•C, 80•C, and 90°C at pH 7.5. Heated samples were cooled immediately in ice water, and the residual enzymatic activity was determined as described above. Activity of the same enzyme solution kept on ice in the thermal stability experiments was considered as control (100%).
Determination of storage and recycling stability
For determination of the storage stability, free and immobilized P. vannamei protease was stored at room temperature for a certain period of time. The storage stability was compared by storage efficiency defined as Storage efficiency ¼ enzyme activity after storage=initial enzyme activity Â 100%
(1)
For determination of the recycling stability, the immobilized P. vannamei protease was collected after each reaction, washed with distilled water, and then utilized in the next cycle. The recycling stability of the immobilized enzyme was evaluated by measuring the enzyme activity in each successive reaction cycle.
Recycling efficiency ¼ enzyme activity in thenthcycle=enzyme activity in the 1st cycle Â 100% (2) Determination of kinetic parameters of free and immobilized P. vannamei protease Kinetic parameters (K m , k cat and K a = k cat /K m ) have been determined according to the MichaelisMenten equation, fitting experimental data by a nonlinear regression procedure (GraphPad Prism 5.0, GraphPad software, Inc.). The goodness-of-fit of each data set to its best-fit theoretical kinetic curve was assessed as the square of the correlation coefficient (R 2 ). K m (Michaelis-Menten constant) is equal to the substrate concentration when the initial velocity is one-half of the maximum one (V max ), indicating catalysis efficiency. k cat (turnover number) relates to the number of substrate molecules converted into product, in a unit of time, by an enzyme molecule fully saturated with substrate. Moreover, the affinity constant (K a = k cat /K m ) appeared useful in order to compare the free and immobilized enzyme catalytic efficiency.
Juice clarification studies
The enzymatic activity of the native and immobilized P. vannamei protease towards the clarification of turbidity was investigated using orange as a model juice. Aliquots of orange juice were poured into glasses and the reaction was initiated by adding 0.7% (w/v) of the free or immobilized enzyme. The contents were vigorously shaken and placed in a water bath at 50°C and incubated for 1 h. After treatment, the nanoparticles were separated from the reaction solution, filtered through a Whatman filter paper (No. 1). The respective filtrate solutions were stored at 4°C in the dark for up to 15 days. The turbidity of the solution was measured immediately after the clarification treatment (day 0), and after 1, 7, and 15 days of storage at 4°C. All experiments were performed using three duplicates. Data presented in the figures correspond to mean values with standard errors.
Results and discussion
Effect of immobilization on pH profile and pH stability
The effect of pH on the activity of free and immobilized P. vannamei protease in casein hydrolysis was determined in the pH range 2.0-12.0 and the results are presented in Fig. 1a . Soluble enzyme showed maximum activity at pH 7 with a sharp decrease in activity below pH 4 and above pH 8. The immobilized enzyme showed less susceptibility to pH change and showed improved activity in the pH range 3-9. The immobilization of the enzyme affected the pH profile of P. vannamei protease by shifting the optimal pH to a more alkali level (pH 8-9). This phenomenon can be explained that when the surrounding of enzymes is gathered cations, the number of cations around the enzyme would increase, and thus the microenvironment around the enzyme catalytic zone would be slightly alkaline and hence the optimal pH value of the immobilized enzyme is shifted from 7.0 to 8 compared with the free form. On the other hand, the drop in the relative enzyme activity at lower pH was less significant than it was for the free enzyme, likely due to the protection afforded to the enzyme by the chitosan nanoparticles matrix. Thus, the immobilization process can also protect the enzyme from alkaline and severe acidic media. Figure 1b shows the effect of different pH values on the stability of soluble and immobilized P. vannamei protease. The pH stabilities of free and immobilized P. vannamei protease were investigated in the medium with pH value between 3 and 12 at room temperature for 1 h (Fig. 1b) . The maximum activity of P. vannamei protease was taken as 100%. The optimum pH values of free and immobilized enzyme were 7.0 and 8.0, respectively. As can be seen, the optimum pH of the resultant nano-enzyme shifted from 7.0 to 8.0, which was mainly due to the charge changes of the chitosan nanoparticles surface. As a result, the Figure 1 . a) Effect of pH on the activities of free (▲) and immobilized (■) enzyme. The activity at optimal pH was taken as 100%. b) Irreversible inactivation of free (▲) and immobilized (■) P. vannamei protease after incubation for different times at pH 3.0-12. The activity of untreated enzyme was taken as 100%. microenvironment had some changes accordingly, which induced the shifting of the optimal pH. Additionally, the immobilized enzyme retained more than 30 and 64% of its activity at pH 3 and 12.0, respectively. Under the same conditions, a nearly complete inactivation of native P. vannamei protease was observed. The increased enzyme stability on the chitosan nanoparticles was attributed to the decreased lateral interactions between the P. vannamei protease molecules and the nanoscale supports. The strong resistance of the chitosan nano-enzyme against the acidic and alkaline changes in medium was tentatively ascribed to the confinement effect of the carrier. The wide range of stability attained after immobilization might be due to the low diffusional limitations or the secondary interaction between the enzyme and the support. Extreme pH could induce free enzyme unfolding, but the confinement of the chitosan nanoparticles matrix inhibited to some extent the unfolding-refolding motions of the enzyme inside. The expansion of pH stability should be attributed to the strong electrostatic interaction formed between chitosan nanoparticles and P. vannamei protease at the experimental pH range, which is one of the principal forces to maintain the active conformation of enzymes. The high pH stability of nano-P. vannamei protease is important in the use of this enzyme in industrial applications.
The temperature profile, thermal stability, and thermodynamic study of soluble and immobilized P. vannamei protease
The effect of temperature on the activity of free and immobilized enzyme was studied by keeping the reaction vessel in a thermostat at different temperatures ranging from 30 to 90°C. Temperature has a greater impact on the activity of both free and immobilized enzyme as shown in Fig. 2a . For the free enzyme, the activity drops suddenly when the reaction temperature was varied from its optimum value of 60°C. The immobilized enzyme was found to be stable at an optimum temperature of about 70°C, as the free form showed only a 40% reduction in activity at this reaction temperature. This increase in optimum temperature and activity stability on a wide range of temperatures for the immobilized enzyme might be due to the change in the conformational integrity of the enzyme structure by the immobilization method. [30] [31] [32] Immobilization of P. vannamei protease on chitosan nanoparticles caused an increase in enzyme rigidity, which is commonly reflected by the increase in stability towards denaturation by raising the temperature.
Thermal stability was investigated by incubating free and immobilized P. vannamei protease on chitosan nanoparticles at temperatures ranging from 30•C to 90°C for 1 h and then determining the activity at optimum reaction temperature. The effect of temperature on the stability of free and immobilized enzyme is illustrated in Fig. 2b . Free P. vannamei protease Figure 2 . a) Effect of temperature on the activities of free (▲) and immobilized (■) enzyme. The activity at optimal temperature was taken as 100%. b) Irreversible thermoinactivation of free (▲) and immobilized (■) P. vannamei protease at 30-90°C. The activity of the same enzyme solution, kept on ice, was considered as the control (100%).
has shown high stability at 60°C, and immobilized biocatalysis has high stability at 40-90°C. There was no activity loss for the immobilized P. vannamei protease at 70°C. However, the free P. vannamei protease activity decreased at the same temperature. At 70°C, immobilized P. vannamei protease on chitosan nanoparticles retained an activity of about 100%, whereas the activity retained by the free P. vannamei protease was only 17%. This result could be explained by the restricted conformational mobility of the molecules after immobilization. [33, 40] The significant improvement of the thermal stability might be due to the movement constraints imposed and the protective function by the rigid chitosan nanoparticles matrix. The activity was low at the incubation time of 1 h, which could be ascribed to the effect of mass transfer. Enhanced thermal stability is one of the most common properties desired as output from a protein engineering study and is often an important economic factor. [34] Storage stability and reusability
The high cost of enzymes for industrial use and the time required to immobilize them have led to increased interest in the storage stability of these enzymes. [35] In general, an enzyme in solution is not stable during storage, and its activity is gradually reduced. The stability of P. vannamei protease was enhanced upon immobilization. The activity of the free enzyme dropped significantly faster than that of the immobilized P. vannamei protease under the same storage conditions after 20 days (Fig. 3a) . As the number of storage days increased, the P. vannamei protease immobilized on the chitosan nanoparticles support exhibited higher stability, which can be attributed to the limited conformational changes in enzyme molecules in the matrix of chitosan nanoparticles. The potential application of the immobilized P. vannamei protease was further investigated by examining the reusability. When comparing the performance of immobilized biocatalysts, intended for preparative or industrial use, characterization of their operational stabilities is very important. The operational stability of immobilized P. vannamei protease in the current study was evaluated in a repeated batch process. Figure 3b shows the effect of repeated use on the activity of immobilized P. vannamei protease. The P. vannamei protease immobilized chitosan beads retained a specific activity of 90% after five reuses. It should be noted that this high operational stability could significantly reduce the operation cost in practical applications. Kinetic parameters of the free and immobilized P. vannamei protease P. vannamei protease and its immobilized form revealed a Michaelis-Menten type of kinetic when hydrolysing casein. The kinetic parameters were calculated from the Michaelis-Menten plot. As indicated in Table 1 , the K m values of the free and immobilized P. vannamei protease were 253 and 261 µM, respectively, which indicates that immobilized P. vannamei protease has a lower binding affinity for the substrate than the free enzyme. The increase of K m value indicated that the enzyme immobilized on chitosan nanoparticles had a lower affinity for binding substrate than free enzyme. This may be due to the steric effect arising from the structural rigidity of the entire enzyme structure, which was distorted after immobilization. Moreover, the slight increase in K m value may be due to diffusion limitation, the steric hindrance of the active site, and/or the loss of enzyme flexibility necessary for substrate binding by immobilization. [36, 37] The decrease in k cat could be due to the restricted diffusion of the substrate to the active site and the higher structural rigidity of the immobilized enzyme. Increase in K m and decrease in k cat values upon immobilization, which are common in most immobilized enzymes, have been frequently reported. [7, 37, 38] Effect of free and immobilized P. vannameiprotease treatment on turbidity in orange juice
The performance of the free and immobilized P. vannamei protease for the clarification of pomegranate juice is herein discussed (Fig. 4) . The turbidity-reducing effect of either form of the enzymes, after the treatment, at day 0 was statistically significant. The turbidity-lowering effect of the protease treatment was maintained until the end of the cold storage period, at day 15. The protease catalyses the hydrolysis of the proteins in the juice and prevents the formation of complexes between the positively charged proteins and the negatively charged pectin. The insolubility and turbidity effects, induced by these complexes, resulting from the association of proteins with cell materials and/or phenolic compounds, could be alleviated under proteolytic actions . [38, 39] Both forms of protease effectively decreased the development of turbidity during cold storage.
Conclusion
The catalytic efficacy of P. vannamei protease by immobilizing onto marine chitosan nanoparticles, with concomitant enhancement in enzyme immobilization efficiency, activity, and storage stability, opens up new avenues in biotechnological applications. This immobilization strategy furnished good reusability, so the immobilized P. vannamei protease can be successively reused 10 times without significant loss of its catalytic performance. Furthermore, the immobilized enzyme showed efficiency in orange juice clarification, which was better than the free form. This process of enzyme immobilization is simple, robust, and applicable to other enzymes for potential applications in the industry. This marine chitosan nanoparticles material may be a promising material for the immobilization of other industrially important enzymes.
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